The presented lithium enolate-based methodology is suitable for access to propionate syn-aldol motifs with high levels of stereocontrol. The reactive lithium enolate species is generated by direct treatment of a camphor-based chiral ethyl ketone with butyllithium, and is subsequently submitted to aldolization with a broad variety of aldehydes. The product aldols are obtained in uniformly high yields and high d.r. values (ranging from 91:9 to >98:2) irrespective of the aliphatic (both linear and branched chain), α,β-unsaturated, aromatic, or hetero-aromatic nature of the aldehyde employed. The crystallinity of most of the obtained adducts offers an easy access to almost 100% isomerically pure products upon a single recrystallisation. The auxiliary (1R)-(+)-camphor can be removed easily from the adducts for reuse, thereby producing the corresponding syn propionate aldols. This technology is implemented in the synthesis of a key subunit of the multi-drug resistance reversing agent hapalosin.
Introduction
The significance of the aldol addition reaction 1 as one of the prominent carbon-carbon bond forming processes continues to expand, 2 in part because of its suitability as a means of accessing structurally and stereochemically complex backbones of many natural products. This prevalence has gained new impetus with the advent, and incipient development, of catalytic direct aldol Concurrent with the above observations, it was found that the distribution of isomeric aldol products is strongly solvent-and temperature-dependent. A systematic study of the d.e. values as a function of the temperature 16 using four meaningful solvents was undertaken for the model reaction between the Li-enolate of 5 and benzaldehyde. From the experimental data collected, 17 Figure 1, a divergence is observed at temperatures bellow −30ºC, with 1,2-dimethoxyethane (DME) and THF being superior solvents in comparison with diethyl ether and hexane. Accordingly, optimized reaction conditions for further exploration were set using DME solvent at low temperatures (−78ºC). On the other hand, while the substitution of the trimethylsilyl group in ketone 5 by triethylsilyl and tert-butyldimethylsilyl does not affect the stereochemical outcome of the reaction, Table 1 , the triisopropylsilyloxy ketone 15 leads to a non-selective aldol reaction. Reactions conducted at −78ºC on a 1 mmol scale by adding the aldehyde to the corresponding enolate. The enolate was generated in DME at −50ºC with n-BuLi (2.5M in hexane) during 45 min. b Determined by 1 H NMR (500 MHz).
18
c Isolated yield of the major isomer by column chromatography.
d Configuration of the minor isomer not established.
The scope of this reaction system under the optimized conditions was then explored using an ample variety of aldehydes, Table 2 . Thus, aliphatic, α,β-unsaturated, aromatic and heterocyclic aldehydes all gave the desired aldol product with high yields and in diastereoselectivities within the 91:9 to >98:2 range. 19 This broad tolerance is comparable with that recognized for the well-established boron-aldol methodologies. A practical aspect of the present reaction model is that most aldol products 7 or 9 are crystalline solids, and analytically pure samples of ≥99% d.e. can be isolated by direct crystallization from the crude reaction mixture. The excellent diastereoselectivity observed in these reactions is also of particular interest in that it provides a clean access to propionate aldols upon auxiliary cleavage. For example, when adducts 9g and 9k were subjected to oxidative cleavage with ammonium cerium nitrate (CAN), the carboxylic acids 11 and 12 were formed in 75% and 80% yields, respectively. The observed optical rotations of these β-hydroxy carboxylic acids were then compared with published values. 20 In addition, a single crystal X-ray structure analysis of compounds 8d, 7k
and 8k corroborated the assigned configurations of the adducts. 21 Importantly, (1R)-(+)-camphor, the starting source of chiral information, which is formed during treatment with CAN, is easily recovered from the reaction mixture in each case almost quantitatively and without loss of optical integrity. 24 In summary, a Li-mediated diastereoselective aldol addition approach to syn propionate aldol motifs is presented, which helps to close the gap in the asymmetric lithium aldol methodology. In this model, the chiral controller of the process, (1R)-(+)-camphor and/or its enantiomer, is cheap, almost fully recoverable, and can be reused without loss of efficiency. Of practical importance, amine-free lithium enolate solutions are cleanly obtained by direct treatment of the ethyl ketone reagent with n-BuLi as base.
Experimental Section
General Procedures. All reactions were carried out under an atmosphere of nitrogen in oven or flame-dried glassware with magnetic stirring. Solvents were distilled prior to use. Tetrahydrofuran (THF), Dimethoxyethane (DME) and diethyl ether were distilled from sodium metal/benzophenone ketyl. Hexane was distilled from sodium. Acetonitrile (CH 3 CN) and dichloromethane (CH 2 Cl 2 ) were distilled from calcium hydride. Purification of reaction products was carried out by flash chromatography using silicagel 60 (230-400 mesh, from Merck 60F PF 254 ). Analytical thin layer chromatography was performed on 0.25 mm silica gel 60-F plates. Visualization was accomplished with UV light and phosphomolybdic acid-ammonium cerium (IV) nitrate-sulfuric acid-water reagent, followed by heating. Melting points were measured with a Büchi SMP-20 melting point apparatus and are uncorrected. Infrared spectra were recorded on a Shimadzu IR-435 and a Nicolet Avatar 360-FT-IR spectrophotometers.
1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance DPX300, a Bruker Ultrashield TM 500 and a Varian
Gemini 200 spectrometers and are reported as δ values (ppm) relative to residual CHCl 3 δH (7.26 ppm) and CDCl 3 δC (77.00 ppm) as internal standards, respectively. Combustion analyses were performed on a Leco CHNS-932 elemental analyzer. Optical rotations were measured at 25 ±0.2 °C on a Jasco Polarimeter DIP-370 and a Perkin-Elmer apparatus in methylene chloride unless otherwise stated.
(1R)-2-endo-Acetyl-2-exo-trimethylsilyloxy-1,7,7-trimethylbicyclo[2.2.1]heptane (4).
Method A: (Procedure reported in ref. 10c) An oven-dried, 2 l, three-necked round-bottomed flask, equipped with a thermometer and a magnetic stirrer bar was flushed with nitrogen, charged with THF (500 ml) and cooled to -78 °C. Butyllithium (2.5 M in hexane, 150 ml, 375 mmol) was added using a syringe and dry acetylene was blown over the yellow solution held below -70 °C for 45 minutes. Then neat R-(+)-camphor (45.69 g, 300 mmol) was added over the clear solution of lithium acetylide at the same temperature. After the addition, the cold bath was removed and the mixture was stirred overnight at room temperature. The flask was opened to the atmosphere and 1M HCl (150 ml) was added slowly. The quenched reaction was stirred for 1 hour and then the solvent was removed at reduced pressure. CH 2 Cl 2 (400 ml) was added and the mixture was transferred to a separatory funnel. The aqueous layer was separated and the organic layer was washed with 1M HCl. The combined aqueous layers were extracted with CH 2 Cl 2 and the combined organic extracts were washed with a saturated solution of NaHCO 3 , dried over MgSO 4 , filtered and the solvent was removed under reduced pressure to give a mixture of ethynyl carbinols, endo:exo 97:3, as a dark oil. This crude material was dissolved in acetone (300 mL) and added dropwise over a period of 1.5 hours to a warmed (60°C) mixture prepared previously as follows: In a three-necked round-bottomed flask, equipped with a reflux condenser, a magnetic stirrer bar and a dropping funnel, red mercuric oxide (4.0 g) was dissolved in a solution of concentrated sulfuric acid (3.6 ml), water (150 ml) and acetone (700 ml). The resulting reaction mixture was stirred at 60 °C for an additional 15 minutes and allowed to cool. A saturated aqueous solution of NaHCO 3 (250 ml) was added to the reaction mixture, the solvent was removed under reduced pressure and CH 2 Cl 2 (350 ml) was added. The aqueous layer was separated, and the organic layer was washed with saturated solution of NaHCO 3 . The combined aqueous layers were extracted with CH 2 Cl 2 and the organic extracts were combined, dried over MgSO 4 A solution of this compound (50 mmol, 9.8 g) in dry THF (50 mL) was added dropwise to a mixture of KH (2.5 mmol, 35% dispersion in mineral oil, previously washed with dry hexane) and THF (100 mL) at 0ºC. The resulting mixture was stirred at the same temperature for 10 minutes, trimethylchlorosilane (100 mmol, 12.0 mL) was added, and the mixture stirred at room temperature for an additional 1 hour. Water (50 mL) was then slowly added at 0ºC and, after completion of the addition, the layers were separated and the aqueous layer was extracted with CH 2 Cl 2 (3 x 50 mL). The combined organic layer was washed with water (30 mL), dried over MgSO 4 14 .53 mmol) in dry THF (28 ml) was cooled to -78 °C under a nitrogen atmosphere and n-butyllithium (2.5 M in hexane, 5.8 ml, 14.53 mmol) was added dropwise. After 30 minutes of stirring at the same temperature, a solution of methyl ketone 4 (3.0 g, 11.18 mmol) in dry THF (28 ml) was added dropwise and stirring was continued at -78 °C for 2 h. Then methyl iodide (2.21 mL, 14.53 mmol) was added at the same temperature and the mixture was stirred at -30°C for 1.5 h. The reaction was quenched at -30 °C with 60 mL of 1N HCl, and the mixture was allowed to reach room temperature. The aqueous phase was extracted with hexane (3 x 60 mL) and the combined organic layers were dried over MgSO 4 O (1.4 M, 114 mL, 160 mmol) and the mixture was stirred at the same temperature for 2 hours. Then glacial acetic acid (30 mL) was added to the mixture and stirred for 1 hour at 0 °C. A saturated aqueous solution of NaHCO 3 (100 mL) was added and the resulting mixture was extracted with CH 2 Cl 2 (2 x 150 mL). The combined organic layers were dried over MgSO 4 , filtered and the solvent was removed under reduced pressure. Purification was effected by flash column chromatography using 1:30 EtOAc-hexane mixture as the eluant, yielding endo-2-propanoylisoborneol. To a mixture of thus obtained endo-2-propanoylisoborneol (2.10 g, 10 mmol) and 3-trimethylsilyl-2-oxazolidinone TMSO (3.09 ml, 20 mmol) under a nitrogen atmosphere was added one drop of trifluoromethanesulfonic acid. The reaction mixture was stirred at room temperature for 30 minutes. Then CH 2 Cl 2 (25 ml) was added and the resulting solution was washed with a saturated aqueous solution of NaHCO 3 (2 x 15 ml). The organic layer was dried over MgSO 4 , filtered and the solvent was removed under reduced pressure. Hexane (15 ml) was added to the oily residue and the resulting white solid was filtered and washed with additional hexane (15 ml). The solvent was evaporated and the crude product was purified by column chromatography (eluant: AcOEt/Hexane 1:10). Yield: 2.68 g, 95%.
General procedure for the aldol addition reactions
To a solution of 5 (282 mg, 1 mmol) in DME (3.5 mL) at -50 °C was added n-BuLi (1.6 M in hexanes, 0.75 mL, 1.2 mmol, 1.2 equiv). After stirring for 45 min at the same temperature the reaction was cooled to -78 °C and a solution of the corresponding aldehyde (1.2-2 mmol, 1.2-2 equiv) in DME (0.5 mL) was added. The mixture was stirred for 45-60 min, followed by addition of aqueous NH 4 Cl. The mixture was extracted with CH 2 Cl 2 and the combined organic layers were washed with brine and dried over MgSO 4 . Evaporation of solvent gave the crude aldol products, which were purified by flash column chromatography (EtOAc/hexane 1:50) or recrystallized from hexane.
General procedure for desilylation of adducts 7/8
To a solution of corresponding silylated aldol (1 mmol) in MeOH (5 mL) was added HF (49% in H 2 O, 0.5 mL) at room temperature. The reaction mixture was stirred at the same temperature for 1 hour and then quenched with NaHCO 3 (saturated solution, 1 mL). Methylene chloride (20 mL) was added and the resulting mixture was washed with 3 x 10 ml of NaHCO 3 (saturated solution). The combined organic phases were dried over magnesium sulfate, evaporated in vacuo and the residue purified by flash column chromatography (EtOAc/hexane 1:10) or crystallization to yield the expected desilylated aldol.
Optionally, desilylation of the adducts could also be effected by using a HF solution in MeOH as reagent and stirring of the mixture at room temperature for only 15 min. After the same work-up, similar results as above were obtained.
General procedure for the preparation of carboxylic acids
To a solution of the corresponding α'-hydroxy ketone 9 (1 mmol) in acetonitrile (12 ml) at 0 ºC was added dropwise a solution of cerium ammonium nitrate (CAN) (1.64 g, 3 mmol) in water (6 ml) and the mixture was stirred at the same temperature for 1 hour. Then water (3 ml) was added and the mixture was extracted with CH 2 Cl 2 (2 x 20 ml). The combined organic extracts
ISSN 1424-6376
Page 387 © ARKAT USA, Inc were washed with 2 N NaOH (2 x 10 ml), dried over MgSO 4 , filtered, and the solvent evaporated to afford the starting (R)-(+)-camphor in 85-90% yield. The basic aqueous layer was acidified by adding concentrated HCl and then extracted with AcOEt (2 x 20 ml). The combined extracts were dried over MgSO 4 , filtered and the solvent removed under reduced pressure. The crude product was purified by column chromatography (eluant: ethyl acetate/hexane 1:30) to afford the corresponding carboxylic acid in 75-80% yields. Synthesis of compound 17. To a solution of 16 27 (6.6 g, 23.3 mmol) in DME (100 mL) at -78 °C was added n-BuLi (1.6 M in hexanes, 12.2 mL, 30.3 mmol, 1.2 equiv). After stirring for 1h at the same temperature a solution of octanal (7.3 mL, 46.6 mmol) in DME (17 mL) was added. The mixture was stirred for 2h, followed by addition of aqueous NH 4 Cl (75 mL). The mixture was extracted with CH 2 Cl 2 (2 x 150 mL) and the combined organic layers were dried over MgSO 4 . Evaporation of the solvent gave the crude aldol product, which was purified by flash column chromatography (EtOAc/hexane 1:40 in MeOH (116.5 mL) was added HF (49% in H 2 O, 28 mL) at room temperature. The reaction mixture was stirred at the same temperature for 3 hours and then was cooled to 0 ºC and quenched with a saturated solution of NaHCO 3 until neutralization. Methylene chloride (150 mL) was added and the resulting mixture was washed with 3 x 50 ml of NaHCO 3 (saturated solution). The organic phase was dried over magnesium sulfate, evaporated in vacuo and the residue purified by crystallization to yield the expected desilylated aldol. Yield 5 mmol, obtained as stated above) in CH 2 Cl 2 (6 mL) cooled to 0 ºC. The mixture was stirred at room temperature for 3 h then the solvent and excess of oxalyl chloride were removed under reduced pressure. The residue was dissolved in CH 2 Cl 2 (2.5 mL) and the solution was added drop-wise to a solution of 18 (0.44 g, 1.3 mmol) and DMAP (0.48 g, 3.9 mmol) in CH 2 Cl 2 (7.5 mL) cooled to 0 ºC. The resulting mixture was stirred at room temperature for 3 h and then washed with 1 N HCl (3 x 10 mL) and with a saturated solution of NaHCO 3 (2 x 10 mL). The organic layer was dried over MgSO 4 To a solution of the coupling diester (0.85 g, 1 mmol) in THF (20 mL), complex HF/Py (4.2 mL) was added at room temperature and the mixture was stirred for 4 hours at the same temperature. The reaction was quenched with a saturated solution of NaHCO 3 until neutralization and the mixture was extracted with methylene chloride (2 x 15 mL). The organic phase was dried over magnesium sulfate, evaporated in vacuo and the residue purified by flash column chromatography (EtOAc/hexane 1:10 
Supplementary information
Tabulated data used in Figure 1 ; characterization data for aldols 7 and 8 and carboxylic acids 11 and 12; representative 1 H and 13 C spectra, and ORTEP diagrams of 8d, 7k and 8k.
